Heart development, function, and remodeling are complex processes orchestrated by multiple signaling networks. This review examines our current knowledge of the role of canonical Wnt signaling in cardiogenesis and heart remodeling, focusing primarily on the mechanistic action of its effector b-catenin. We summarize the generally accepted understanding of the field based on experimental in vitro and in vivo data, and address unresolved questions in the field, specifically relating to the role of canonical Wnt signaling in heart maturation and regeneration. What are the modulators of canonical Wnt, and particularly what are the potential roles of plakoglobin, a close relative of b-catenin, in regulating Wnt signaling?Answers to these questions will enhance our understanding of the mechanism by which the canonical Wnt signaling regulates development of the heart and its regeneration after damage.
Introduction
The heart is the first organ to form and function in the embryo. All subsequent events during an organism's lifetime depend on the heart's ability to match its output with physiological demands for oxygen and nutrient requirements. The heart is formed through multiple developmental steps that are driven and controlled by a plethora of signaling pathways. These include bone morphogenic proteins (BMPs), transforming growth factor-beta (TGF-b) family members, fibroblast growth factors (FGFs) and, more recently proteins of the Wnt family. 1, 2 Mutations within the canonical Wnt pathway or perturbation of components of this pathway can induce developmental abnormalities and various types of diseases including cancer. 3 In addition, Wnt signaling plays a critical role in the maintenance and expansion of cardiac progenitor cell (CPC) lineages at the initial stage of cardiac progenitor proliferation. At later stages of cardiogenesis, Wnt signaling is suppressed to allow specification and differentiation of CPCs into cardiomyocytes. Wnt signaling is also involved in cardiac remodelling due, in part, to its key role in regulating the intersection between cell proliferation and differentiation. Several studies have implicated Wnt signaling in the development of hypertrophic response to insult or injury, which often leads to pathological hypertrophy, heart fibrosis and, ultimately, disruption of the contractile function of the heart. Full function of Wnt signaling ultimately results in the transcriptional regulation of its target genes. Two of its known transcriptional effectors are b-catenin and plakoglobin (c-catenin) which are suggested to play distinct roles in cardiogenesis, presumably through the activation of a separate set of target genes.
A brief overview of canonical Wnt signaling
The discovery of Wnt signaling derives in part from the identification in 1982 in the mouse of a gene and its oncogenic product designated Int1 (integration 1). 4 Subsequent realization in 1987 that the previously characterized Drosophila melanogaster Wingless (Wg) gene was the same as the mouse Int gene 5, 6 resulted in the contraction of the Wg and Int to form to the Wnt designation. The Wnt family of genes encodes a large evolutionarily conserved class of secreted molecules that initiate signaling cascades in recipient cells that express appropriate receptors. The Wnt proteins comprise a diverse family of secreted lipidmodified signaling glycoproteins of $40 kDa that harbor many conserved cysteines and which has a highly unusual two-domain structure with amino-terminal and carboxyterminal domains (NTD and CTD) characteristic of the Wnt protein family. 5 Several cell types with signaling function secrete Wnt into the extracellular milieu where responding cells recognise Wnt via a heterodimeric receptor complex, consisting of a Frizzled (Fz) and an LRP5/6 protein. Following Wnt binding, the receptors form larger multiprotein complexes which can be detected as distinct punctate structures in the cytoplasm. These protein complexes, designated signalosomes, are the sites at which cascades of protein phosphorylation occur which ultimately result in either transcriptional activation of downstream target genes, rearrangement of cytoskeletal rearrangements, or cell movement. 6 There are 19 mammalian Wnt proteins including 10 frizzled (Fz) receptors and two LRP5 coreceptors, indicative of the enormous complexity required to confer Wnt signaling specificity. 6, 7 Conventionally Wnt proteins have been classified into two groupings depending on their ability to induce secondary axis formation in frog embryos and to transform mammary epithelial cells. Those that have such capabilities, such as Wnt1, Wnt3, and Wnt8, 6 are known as the canonical Wnts; other Wnt proteins, such as Wnt5a and Wnt11 act through the non-canonical pathway. However, it is now apparent that individual Wnt proteins can activate either the canonical or the non-canonical Wnt signaling pathways, depending on cellular context. 8, 9 The canonical and non-canonical Wnt pathways are differentiated by their downstream effectors. Signaling through canonical Wnt usually involves b-catenin as the primary effector. In contrast, non-canonical Wnt signaling is more diverse in its roles which include Wnt-mediated polarity, Wnt-Ca 2þ , and Wnt-a typical protein kinase C pathways. These pathways contribute to developmental processes such as cell polarity in Drosophila, convergent extension movements during gastrulation, and cell migration. Non-canonical Wnt signaling has been reviewed more extensively elsewhere. 6, 7 In this review we focus on the function of canonical Wnt and b-catenin signaling.
The intensity of Wnt/b-catenin signaling appears to be determined by the nuclear localization of b-catenin and its overall stability. In the absence of Wnt ligands, cytoplasmic b-catenin is maintained at a low level and is sequestered into a multiprotein destruction complex. 10 At the core of the degradation complexes are axin and adenomatous polyposis coli (APC), two scaffold proteins which facilitate the phosphorylation of b-catenin by casein kinase 1a (CK1a) and glycogen synthase kinase 3b (GSK3b). When b-catenin is phosphorylated, it undergoes ubiquitination and proteasome-mediated degradation. Under this condition, canonical Wnt signaling and b-catenin are not active ( Figure 1[a] ) and the T-cell factor/lymphoid enhancer factor (LEF/TCF) transcription factor associates with the Groucho co-repressor to repress target gene expression. 11, 12 Binding of Wnt to the Frizzled (Fzd) receptor and its coreceptor Ryk leads to signalosome formation which prevents b-catenin proteasomal degradation. 13, 14 Consequently, b-catenin is stabilized, accumulates in the cytoplasm, and then is translocated to the nucleus. In the nucleus, b-catenin displaces Groucho by binding to LEF/TCF. It interacts with the BCL9 protein, the nuclear Pygopus protein, and the cAMP-response element binding (CREB) protein (CBP) as well as tissue-specific transcriptional activators. These interactions act as switches to convert LEF/TCF from a transcriptional repressor to an activator that turns on gene expression in a cell-type specific manner 15, 16 (Figure 1[b] ). Canonical Wnt signaling is involved in the control of cell proliferation, particularly through target genes such as c-myc and the CCND1 gene encoding cyclin D1. A subset of cellular b-catenin can be translocated into the nucleus involving a process that requires activated Ras signaling. 17, 18 Two faces of b-catenin Although b-catenin is a key regulator of canonical Wnt signaling, it is located at the cytoplasmic side of the cell membrane and also serves as a member of the cadherin-catenin intercellular connections even in the absence of a Wnt stimulus. The adherens junctions, for example, contain cadherin-catenin complexes and contribute to the formation of polarized epithelial tissues and are necessary for organismal integrity. 19, 20 The b-catenin in these complexes interacts with cadherins to link them to the actin cytoskeleton via binding with a-catenin. Such interactions that can result in signaling activity are highly dependent on phosphorylation. For instance, phosphorylation of b-catenin by Src kinase at Tyr654 and by protein kinase (PK) D1 at Thr112 or Thr120 promotes its binding to E-cadherin. 21 Similarly, phosphorylation of E-cadherin at Ser834, Ser836, and Ser842 by CK2 and GSK3b enhances its interaction with b-catenin. Conversely, interaction of E-cadherin and b-catenin is inhibited when Tyr831 and Tyr860 are phosphorylated by Src and Ser846 by CK1. 22 Thus the involvement of b-catenin in Wnt signaling or intercellular interactions is subtely regulated and highly orchestrated by its phosphorylation at multiple sites. 23, 24 Genetic knockouts and overexpression of b-catenin in embryos, as well as cultured cells, have shown that canonical Wnt signaling and regulation of cadherin-catenin complexes in cell-to-cell connections both depend on the same pool of b-catenin. 25, 26 Therefore, cells modulate the level of Wnt signaling and regulate cell-cell adhesion or proliferation via competition for cytoplasmic b-catenin.
Studies using animal models show that epithelialmesenchymal (EMT) or mesenchymal-epithelial transitions (MET) are exquisitely regulated by cadherin-mediated cell adhesion. How the signaling function of b-catenin is linked to cell adhesion has previously been discussed. 27 In short, the absence of E-cadherin/catenin-based cell adhesion promotes b-catenin stabilization and signaling, which in turn leads to EMT during embryogenesis as well as invasion and metastasis in cancer cells. Alternatively, the absence of E-cadherin can promote EMT even without activation of b-catenin signaling. 28, 29 Interestingly, nuclear b-catenin down-regulates E-cadherin expression and activates the proteases and other EMT regulating factors. Thus, the loss of cadherins leads to the degradation of b-catenin complexes which appears to be a prerequisite for canonical Wnt signaling. Taken together, b-catenin has several functional cellular niches, and mediates the interaction between different biological processes with particular influence on cell adhesion and signaling.
Canonical Wnt signaling is one of the main driving forces in cardiogenesis
Heart development is a complex and highly dynamic process. The heart is the first organ to be formed in the embryo around mouse embryonic day E 6.5, during gastrulation when primitive CPCs migrate and undergo lineage specification. Cells migrate from the primitive streak and align themselves in an anterior-lateral position on either side of the midline. 30 Later, at stage E7.5, one can detect these CPCs as a "cardiac crescent" in the mesoderm underlying the head folds. At stage E8, the progenitors fuse to form the first primitive cardiac structure, the cardiac tube, which then loops to form an S-shaped structure. Finally, by E14.5 the clearly formed septated heart chambers are discernible as the result of a finely orchestrated series of rearrangements and cell expansions. 31, 32 The region in which the heart forms is divided into two distinctive cell populations: the first heart field (FHF) and the second heart field (SHF) field, respectively. 2 Others have also considered a third heart field (THF), 33 referring to an additional population of mesodermal cells which give rise to a pro-epicardium and sinus node. The FHF constitutes the cardiac crescent and forms the primitive heart tube, giving rise to the left ventricle (LV) and atrium. The expansion of the primitive heart tube depends on the SHF, which provides a cell reservoir for subsequent heart growth. The SHF forms the outflow tract (OFT), atria and the right ventricular region. Specific genetic markers for both heart fields have also been defined. For example, Tbx5 is specific for the FHF, while Isl1, Fgf10, Tbx1, and Fgf8 delineate the SHF. 31, 32 Vertebrate heart formation and development are strongly regulated by a balanced interaction between the Wnt/ b-catenin, nodal/activin, FGF, and BMP signaling pathways. 31, 34, 35 Although Wnt/b-catenin signaling is known to be important for vertebrate cardiogenesis, data regarding its mechanism of action of this biological process remains scarce and even contradictory. Experiments with Drosophila and Xenopus embryos, and mice and mammalian stem cells have contributed to our appreciation of the diverse roles played by Wnt/b-catenin signaling leading to the observation that Wnt signaling can have different effects depending on the spatiotemporal context.
During embryogenesis, induction of precardiac mesoderm and subsequent FHF formation requires inhibition of Wnt/b-catenin signaling by adjacent ectoderm. In mice lacking b-catenin, respecification of endoderm into precardiac mesoderm is disrupted which leads to the formation of multiple heart primordia. 36 Depletion of b-catenin also produces higher level of Bmp2 ectopic expression following canonical Wnt signaling downregulation. 37 This finding suggests that canonical Wnt inhibition and BMP upregulation are necessary for proper cardiac mesoderm specification. Interaction between canonical Wnt and other regulatory pathways contributing to initiation and development in the FHF was shown with a Notch-inducible mouse embryonic stem (ES) cell line. Under the conditions used, Notch signaling in these ES cells was able to redirect hemangioblasts into cardiac mesoderm by downregulation of Wnt/b-catenin signaling and upregulation of the BMP pathway. 37 Similarly, heart formation requires high BMP2 and low Wnt signaling activities in zebrafish, Xenopus, and chicken. 38 In chicken, heart progenitors migrate anteriorly into a region in which expression of Dkk1 and Crescent is detected, resulting in inhibition of canonical Wnt. 39 It is now known that Dkk1 and Crescent down-regulate canonical Wnt signaling, which is necessary for initiation of the cardiac gene program by cooperative BMP and FGF signaling. 40, 41 Among the most critical cardiac transcription factors regulated in this manner are Nkx2.5 and cardiogenic Gata4 and Gata6. In Xenopus, canonical Wnt signaling functionally cooperates with the Gata4, Gata6, and Nkx2.5 transcription factors. This interaction occurs at two different stages of heart development and is necessary for cardiac specification. Thus, at stages 8 and 18, Wnt/ b-catenin down-regulates expression of Gata4 and Gata6 in the precardiac mesoderm. This event precedes the migration of cardiac progenitors to the ventral midline of the embryo. 42 Proper tissue specification requires defined proteinprotein interactions as well as temporal regulation of signaling. For example, canonical Wnt and b-catenin have a biphasic signaling role in heart development. In the FHF the Wnt/b-catenin pathway has an inhibitory effect but it also plays an inductive role in proliferation in the SHF (Figure 2 ). Deactivation of b-catenin in the SHF leads to a decrease in cell proliferation and results in developmental abnormalities as well as inhibition of SHF expansion. 38 Several studies support the idea that proliferation in the SHF is modulated by Wnt2 through the canonical Wnt pathway. 43, 44 It is noteworthy, however, that canonical Wnt signaling not only maintains the SHF cells in a proliferative state, but also maintains them in an undifferentiated state. 45, 46 Conditional knockout of b-catenin in SHF cells utilizing Isl1-Cre to remove b-catenin reduces the cell number within the SHF and thereby impairs the formation and development of OFT and the right ventricle (RV). 45 The same activity for Wnt/b-catenin signaling has been observed in ES cells. Using conditioned media or feeder cells that secrete Wnt3a mimics the requirement of canonical Wnt for cardiac ISL1 þ progenitor expansion and the formation of beating embryoid bodies. In contrast, the presence of dickkopf-1 (DKK1), an inhibitor of canonical Wnt, in the culture medium, dramatically reduces the number of ISL1 þ progenitor cells and beating embryoid bodies. 47 These data are also supported by results in which Notch 1 had been knocked out in embryos and ES cells. Mutant cells lacking Notch 1 displayed increased CPC proliferation mediated by Wnt/b-catenin up-regulation. 48 Cells from the Notch1 null embryos are unable to populate the developing RV (which originates from ISL1 þ cells). Furthermore, Notch knockout ES cells do not express genes that are associated with cardiomyocyte differentiation. These data clearly indicate that downregulation of canonical Wnt is necessary for enabling progenitor cells of the SHF to exit the proliferative state and to initiate cardiac differentiation.
In addition, non-canonical Wnt signaling is required for the regulation of SHF progenitor cell differentiation. It was shown, that the absence of Wnt5a and Wnt11 increases the nuclear level of b-catenin and affects SHF differentiation. 49 High levels of Wnt5a and Wnt1 induce cardiogenesis and turn on cardiac-associated gene expression in differentiating ES cells. These data support the idea that formation of the FHF-and SHF-associated progenitors are instructed by non-canonical Wnt. 49 Moreover, ectopic expression of Wnt2 increases cardiomyogenic differentiation of mouse ES cells. 20 Taken together, these results point out that Notch and non-canonical Wnt signaling are negatively regulated by the Wnt/b-catenin pathway and that such interplay is critically necessary for retaining progenitors in the SHF in their proliferative state.
When SHF cells become part of the heart tube, the cardiac progenitors enter a region where Wnt/b-catenin dependent transcription is slowly downregulated and BMP signaling is rapidly increased. At this point, the SHF progenitors activate their cardiac gene program and initiate specification and differentiation into cardiomiocytes. [50] [51] [52] The SHF determines the atrial and venous poles of the embryonic heart. For successful atrial pole specification, Wnt/b-catenin pathway is downregulated mainly via the actions of non-canonical Wnt11 and Wnt5a. 49 At the same time signaling activity of b-catenin is required for inflow tract development. Wnt2 knockout in mice results in abnormalities of the heart atrial pole, affecting the atrioventricular canal as well as the atrial and pulmonary veins. 44 In these mutant embryos, there is downregulation of the canonical Wnt components, Axin2 and Lef1, as well as Isl1 and SHF markers. Moreover, the number of SHF cells is highly reduced. A similar phenotype was observed in an Isl1-Cre-mediated conditional knockout of b-catenin mice. 53 This finding supports the idea that canonical Wnt is critical for formation of the inflow tract in the embryonic myocardium.
Heart development is complex in nature, with its threedimensional structure and dynamic cellular composition that undergo progressive changes throughout development. The Wnt/b-catenin signaling is an important player in the signaling network that orchestrates the process of cardiogenesis and that is activated in at least two stages of heart development. It is also worth noting that the canonical Wnt pathway is a key for normal heart development. Its collective interactions with other signaling pathways ensure proper initiation of heart progenitor specification and its role in driving subsequent heart development.
Reactivation of canonical Wnt signaling during adult heart pathology
Studies in several animal models have shown that various Wnt factors involved in hypertrophic response and wound healing following cardiac injury are induced after experimental myocardial infarction (MI). 54, 55 Furthermore, inhibition of the canonical Wnt pathway has a favorable effect on adult heart remodeling. 56, 57 For example, a secreted frizzled-related protein (SFRP), which is a known antagonist of canonical Wnt, prevents Wnt binding to the frizzled receptor, reduces infarct size, and improves heart function. Interestingly, the infarct size reduction was achieved by either inducing an MI in transgenic mice overexpressing Sfrp1 58 or by altering local secretion of SFRP2 or by its exogenous administration. 59, 60 This finding is supported by the observation that depletion of cardiospecific b-catenin significantly improved survival up to fourweeks and restored LV function post MI.
It is noteworthy that some reports indicate that inhibition of b-catenin after MI can have a positive effect 61 while other studies have shown beneficial outcomes following its activation. 55, [62] [63] [64] A favorable response to b-catenin signaling in heart regeneration was also shown with TOPGAL reporter mice. 62 In this study b-catenin signaling was observed in epicardial cells and cardiac fibroblasts after MI. Downregulation of b-catenin transcriptional activity attenuated epicardial cell expansion and even led to a deterioration of cardiac function and ventricular dilatation in the injured heart. Furthermore, abrogation of the canonical Wnt pathway in cardiac fibroblasts led to less robust wound healing and cardiac performance. These data are consistent with the idea that b-catenin activation is required for heart tissue regeneration after MI in epicardial cells and in fibroblasts. Similarly, administration of an adenoviral vector harboring a constitutively stable b-catenin gene (Ad-catenin) reduced MI size in rats after infarction. 63 Importantly, cardiomyocytes and cardiac fibroblasts displayed an antiapoptotic effect and cellular cycle activation (increasing of cells number in the S phase and cyclin D1 gene expression) after Ad-catenin injection directly into the infarction zone. Canonical Wnt signaling activity is also elevated after an induced MI in Axin2-LacZ transgenic mice, 55 accompanied by b-catenin-dependent induction and expansion of many cell types, including Sca þ /CD31 À progenitor cells, Sca À /CD31 þ endothelial cells, and also ckit þ and CD31 þ cell populations. These observations suggest that canonical Wnt is involved in heart regeneration through differentiation of progenitor and endothelial cells in response to an induced MI. 55 Furthermore, elevation of cytoplasmic b-catenin in cardiomyocytes leads to improvement of heart function and a decrease in the MI zone. 64 Nevertheless, taken together, the precise function of b-catenin in heart regeneration is not yet fully understood. Some reports argue that up-regulation of b-catenin signaling leads to heart fibrosis and worsening of heart function. Other lines of evidence, however, suggest the opposite effect in which higher levels of b-catenin signaling are associated with greater cardiomyocyte survival, induction of CPC differentiation, and expansion of endothelial cells into the MI zone.
In contrast to MI, cardiac hypertrophy is characterized by an enlargement of cardiomyocyte size, replacement of cardiomyocytes by fibroblasts and adipocytes, and upregulation of hypertrophic or fetal genes in affected cells. The proposition that initiation of canonical Wnt signaling is a requirement for myocardium hypertrophy has been validated. 65 Transgenic animals that overexpress Dvl-1 exclusively in cardiomyocytes display activation of Wnt signaling concomitant with development of hypertrophy and even lethality. Interestingly, both Wnt signaling branches were activated and there was a marked elevation of b-catenin expression and upregulation of some b-catenin downstream targets, namely Cyclin D1 and c-myc. Noncanonical Wnt signaling was evident at three months after hypertrophy induction in animals with developed pathology. 65 Gain of function experiments have shown that expression of a constitutively stable form of b-catenin causes spontaneous cardiomyocyte hypertrophy in vitro. 63 In knockout animals, elevation of b-catenin/TCF/LEF signaling is important for the development of stress-induced and physiological hypertrophy. 66 Ablation of b-catenin in the mature myocardium did not cause premature death. Most knockout animals had a normal phenotype, and morphological changes in myocardial tissues (e.g. thinning of heart walls leading to cardiomyopathy) occurred only after chronic b-catenin deletion (32 weeks). Equally interesting is the observation that conditional cardiospecific deletion of only one b-catenin allele reduces the extent of hypertrophy after surgically-induced aortic constriction compared with the control group of mice. 67 This result suggests that hypertrophy does not develop in animals with reduced myocardial b-catenin under conditions of chronic elevated blood pressure. There was also coincident increased fetal gene expression compared with the control group. In our experiments we also have observed heart growth attenuation accompanied by elevation of fetal gene expression in the b-catenin haplo insufficient heart. 68 These data indicate that, at a minimum, a basal level of b-catenin is necessary for postnatal heart maturation and that its transcriptional activation is required for hypertrophy.
In contrast to the results described above, deletion of b-catenin in mature myocardial tissue has been reported to cause spontaneous hypertrophy. 68 After injection of angiotensin II in mice with constitutively stabilized b-catenin, there was no hypertrophic response. 68 It is important to point out that this study was limited to changes only in cardiomyocyte size and the expression level of ANF as a marker for hypertrophy. A more complex approach has been typically used in other studies, [65] [66] [67] including an index of heart to body weight ratio, level of expression of other hypertrophic marker genes (BNF, aMHC, bMHC), and/or expression of b-catenin target genes (Cyckin D1, c-myc, c-fos). Meta-analysis of experimental data obtained with different animal models following hypertrophic stimuli expands the marker panel to include SERCA, actin, DIF1, Axin-2, c-myc, CD1, BNP, ANP, and total protein/ DNA index. On the other hand, bioinformatic analysis supports the notion that response to hypertrophy is a consequence of more global molecular mechanisms and that b-catenin is principally important as a regulator of heart adaptation to stress. 69 Contradictions in the literature are probably due to the use of different experimental approaches and different observation times. For example, Wnt/b-catenin signaling is important at early time points of the hypertrophic response, a finding that is supported by several independent studies using different approaches and different hypertrophic stimuli. When pathology becomes more severe, the signaling function of b-catenin is probably repressed through a negative "feedback" or other signaling regulatory mechanisms that controls or interacts with Wnt signaling. For example, Axin2 is a b-catenin/TCF/LEF target gene and also serves as a negative regulator of b-catenin by promoting its degradation. In addition, other molecules have been described that interact directly with stabilized b-catenin or with the b-catenin/TCF/LEF complex. Thus, it is a combination of such mechanisms that ensures a negative physiological "feedback" of the canonical Wnt pathway. 70 
Is plakoglobin involved in the regulation of canonical Wnt signaling?
Plakoglobin (c-catenin) is a close relative of b-catenin. 69 In contrast to b-catenin, it can interact with both classical and desmosomal cadherins and maintain integrity of the adherens junctions and desmosomes. Knockout of b-catenin or plakoglobin in mice causes lethality in the embryo. [71] [72] [73] [74] The observed phenotypes are very different for b-catenin and plakoglobin mutant mice. The absence of plakoglobin is associated with compromised desmosome assembly and results in defective heart development. 73, 75 Mice in which b-catenin is ablated are incapable of forming dorsal structures in the developing embryos. 74 These abnormalities clearly indicate the involvement of b-catenin in Wnt-mediated axis formation. It is interesting to note that b-catenin-null embryos display no detectable developmental defects in adherens junctions; there is, however, an elevated level of plakoglobin which could compensate for the adhesive role of b-catenin. 73, 74 Thus, this line of geneknockout experiment reveals a structural role for plakoglobin. Other evidence, however, indicates that plakoglobin also has a signaling function through its regulation of the Wnt pathway. First, like b-catenin, elevation of plakoglobin expression leads to a duplicate axis phenotype in Xenopus laevis. 72 Second, plakoglobin co-immunoprecipitates with APC and Axin. 75, 76 Third, upstream mediators of Wnt signaling, such as Wnt1 ligand, APC, and Axin, also regulate plakoglobin stability. 77, 78 And lastly, plakoglobin is able to activate b-catenin/TCF reporter constructs. [79] [80] [81] [82] Recently, plakoglobin was found to bind with LEF/TCF proteins to form a plakoglobin-containing complex that interacts with DNA, but with very low affinity 83, 84 (Figure  3 ). It can, however, potentially antagonize b-catenin/LEF/ TCF-dependent signaling. Alternatively, plakoglobincontaining complexes might regulate the expression of a subset of target genes with plakoglobin-specific DNA recognition. This latter contention is supported by evidence that plakoglobin can regulate gene expression independently of b-catenin. 85 Moreover, more than 5000 plakoglobin target promoters have been identified in differentiating skin keratinocytes by a ChIP-ChIP genome-wide screen. 85, 86 These targets include various participants of the canonical Wnt signaling pathway as well as Wnt target genes. Interestingly, the same technique uncovered only 2000 promoters for b-catenin targets with only a 38% overlap with plakoglobin target genes. This observation is consistent with distinct molecular pathways that are regulated by b-catenin and plakoglobin. Additionally, activation of WNT-3 or DVL-2 (an isoform of dishevelled) expression in transgenic mouse skin 87 results in phenotypes that are very similar to those observed in mice with plakoglobin overexpresion. 88 However, the phenotype is very different from that observed in mice overexpressing b-catenin. These data, therefore, support the involvement of plakoglobinin canonical Wnt signaling downstream of Wnt-3 and Dvl-2. 87 Yet, Wnt-3 and Dvl-2 can efficiently elevate b-catenin levels in cultured cells. 89 The signaling function of plakoglobin has been studied in mouse ES cells harboring genetic knockouts of both catenins. 90 The data from these ES cells suggest that a critical threshold of total catenin expression must be achieved before there is sufficient signaling-competent plakoglobin available to respond to GSK-3 inhibition and to regulate the expression of target genes. Wild type ES cells which stably overexpress plakoglobin show strong canonical Wnt signaling activation which prevents stem cells from differentiating into the three cardiac cell lineages. This response to plakoglobin mimics that which is observed when b-catenin is overexpressed. Expression of the stable form of b-catenin, however, seems to be more effective than plakoglobin overexpression for maintaining the pluripotent state of stem cells even under differentiation-inducing conditions. In cancer cells, plakoglobin compensates for reduced or absent b-catenin in adhesion junctions without affecting desmosome structure, but it does not compensate by exerting regulatory functions in Wnt signaling. 91 In other carcinoma cells, plakoglobin overexpression leads to decreased cell proliferation, cell migration, and cell invasion. 92 It appears that plakoglobin has ability to repress tumorigenesis and metastasis by regulating expression of a cluster of genes which orchestrate these processes. Moreover, plakoglobin can modulate gene expression in cooperation with p53 and is able to regulate the transcriptional activity of p53. This circuit would therefore account, in part, for the tumor/metastasis suppressor action of plakoglobin. 93 In addition, reports suggest that APC regulates oncogenic functions not only of b-catenin but also of plakoglobin. 77 The transforming activity of plakoglobin, like that of b-catenin, is dependent on Tcf/Lef function and both are able to strongly activate c-Myc expression. Therefore, b-catenin and plakoglobin may have some common activities but have dissimilar functions in regulating the canonical Wnt pathway. They may, therefore, play different roles in cancer by differently affecting downstream targets. 77 To date, the signaling functions of plakoglobin during cardiogenesis are poorly explored. Key questions include whether plakoglobin function is restricted only to cell adhesion or whether it has other signaling related roles. We have previously shown that cardiospecific ablation of b-catenin in early stages of heart development is not lethal at midgestation but is detrimental in later embryonic and neonatal stages. 94 Additionally, we found that canonical Wnt signaling is activated in new born heart heterozygous for a b-catenin knockout and where Axin2, TCF4, and c-Fos genes are overexpressed. Interestingly, we observed an elevated level of plakoglobin expression in the same samples (unpublished observations). In contrast, loss of plakoglobin in zebrafish leads to decreased heart size, reduced heart beat rate, cardiac edema, blood reflux between heart chambers, and a twisted tail. 95 A reduction in expression of heart markers occurs 24 h postfertilization concomitant with activation of Wnt/b-catenin signaling. This observation indicates that plakoglobin is antagonistic to Wnt signaling. Morphants (zebrafish treated with antiplakoglobin morpholinos) display reduced numbers of desmosomes and adherens junctions in their intercalated discs. These data indicate that signaling perturbation as well as structural disruption occurs in the absence of plakoglobin, and provide evidence that loss of plakoglobin may be one mechanism by which arhythmogenic ventricular cardiomyopathy (ARVC) may develop. 95 Similarly, conditional knockout of plakoglobin in the adult murine heart produces progressive loss of cardiomyocytes, extensive fibrosis and inflammatory infiltration as well as cardiac dysfunction similar to that observed in ARVC patients. 96 Conditional knockout of plakoglobin in mice produces increasing amounts of stabilized b-catenin that are associated with AKT activation and GSK-3b inhibition. It is therefore tempting to speculate that in the adult heart, plakoglobin may suppress b-catenin/TCF transcriptional activity, and that disruption of its function is one of the molecular mechanism underlying cardiac hypertrophy. 96 This proposition is supported by data showing that nuclear localization of plakoglobin represses canonical Wnt signaling in CPCs and switches the transcriptional program to adipogenesis in ARVC. 97 In aggregate, these experimental data suggest that plakoglobin has both structural and signaling functions and that it may interact with b-catenin during cardiogenesis and ARVC. How plakoglobin regulates heart development and remodeling remains unclear and is a subject for future research.
The literature suggests that plakoglobin and b-catenin interact in a complex way to regulate cell fate and possibly cardiogenesis. This functional redundancy in canonical WNT signaling regulation is likely weak and/or not effective at later stages of cardiogenesis (Figure 3 ). It is tempting to speculate that plakoglobin has a mixed effect in regulating Wnt/b-catenin downstream targets and that in the absence of b-catenin it is not able to maintain proper cardiac progenitor cell expansion in the embryonic heart, which affects heart formation and maturation. Thus, understanding the respective signaling functions of b-catenin and plakoglobin in mammalian cardiogenesis through the identification of genome-wide downstream targets of these two signaling proteins during heart development will shed light onto the mechanisms and importance of their interactions. It is also worth considering the possible interplay of plakoglobin and b-catenin in the modulation of the canonical Wnt pathway. Taken together, this information will resolve many of the gaps in our current understanding of the complex regulation of cardiogenesis and embryonic heart malformations. Moreover, it will contribute significant steps towards our appreciation of the etiologies underlying human heart disease and the mechanisms that support heart regeneration.
Remaining questions in the field
Understanding the main driving forces that give rise to normal embryonic heart development is essential for deciphering the molecular bases that underlie the frequent innate heart defects that occur in the human population and for developing new approaches for regenerating the damaged heart. In this review we have focused on the participation of canonical Wnt signaling and on a major mediator of this signaling pathway, namely b-catenin, in cardiogenesis. Heart development is an immensely complex biological process, not only in molecular terms, but also at the level of cell-cell interactions and structural morphogenesis of the organ. The embryonic heart is a three-dimensional structure which changes in cellular composition and morphology over time. Heart formation is not solely a sequence of individual events, but is a continuous process in which morphogenetic events occur concomitantly or that partially overlap. Canonical Wnt signaling is involved in retaining cardiac precursors in a proliferative and precursor state, and also participates in various aspects of cardiac differentiation (Figure 2) . At the present time, however, we do not yet have a full understanding of how b-catenin and its transcriptional activities are regulated in the later stages of cardiogenesis. In addition, downstream target genes of the Wnt/b-catenin signaling pathway are largely unknown, which hinders the discovery and therapeutic application of molecular mechanisms leading to various processes in cardiogenesis.
The possible linkage between b-catenin, plakoglobin, and the TCF/LEF complex in mediating canonical Wnt signaling and in regulating cardiogenesis provides another intriguing aspect to this genetic network. There is a high degree of homology between b-catenin and plakoglobin, and both perform analogous functions in the assembly of adherens junctions. Recently, plakoglobin was shown to interact with LEF/TCF factors and form a complex with DNA, supporting evidence for a transcriptional regulatory role for plakoglobin in stem cells and cancer cells. 77, [90] [91] [92] [93] The molecular mechanisms leading to transcriptional activation, however, remain unclear. One attractive prospect suggested by our data is that plakoglobin may modulate canonical Wnt signaling activity and share some target genes with b-catenin. Based on literature data as well as our own observations, we speculate that the signaling function of plakoglobin is highly dependent on the level of endogenous b-catenin, and the different biological contexts in which the Wnt/b-catenin pathway is activated. We assume that during cardiogenesis plakoglobin has a mixed effect on the regulation of canonical Wnt target genes, and that in the absence of b-catenin, plakoglobin is unable to maintain proper CPC expansion in the embryonic heart. Therefore, a complete reconstruction of the interplay between b-catenin, the TCF/LEF complex, and plakoglobin, together with identification of plakoglobin targets genes, will significantly contribute to the understanding of embryonic heart formation as well as adult heart remodeling.
Conclusion
Development of the embryonic heart is a delicately orchestrated and highly complex process that is mediated by several intersecting signaling pathways. Canonical Wnt signaling and b-catenin are critically important for proper heart development and cell specification. Disruption to b-catenin transcriptional activity has a dramatic impact on embryonic development and leads to neonatal lethality. Clarifying b-catenin interactions with new players of the canonical Wnt pathway such as plakoglobin, and identification of its target genes are crucial for the understanding of molecular regulation of heart development as well as adult heart remodeling, which is envisaged to lead to the design of future approaches to targeted heart therapy.
Author contributions: All authors participated in preparing the manuscript; OOP and CLW performed literature analysis, discussed main ideas, wrote manuscript, and prepared schemes.
DECLARATION OF CONFLICTING INTERESTS
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article. 
